Abstract: Resistance to causal agents of diseases is an important varietal characteristic that influences the management practice of crop plants and thus production costs of commodities. At present, almost all European barley varieties possess at least one major gene for resistance to powdery mildew. After hybridizing selected parental varieties, resistance genes often segregate in subsequent generations and, therefore, some varieties comprise lines that differ in the number or combinations of resistance genes. The objective of this research was to describe the various methods available for postulating resistance genes to pathogens in heterogeneous varieties using resistance to powdery mildew of barley as an example. Four spring barleys ('Orbit', 'Malva', 'Tocada' and CLE 233), and a six-row variety of winter barley, F 12872, were screened. For postulating resistance genes, several testing procedures and many Blumeria graminis f.sp. hordei isolates were used. Minimum amounts of seed were determined and different methods of obtaining homogeneous seed samples from heterogeneous varieties were compared. It was found that 'Orbit' and 'Malva' are composed of three and 'Tocada', CLE 233 and F 12872 of two lines with different resistances to powdery mildew. Problems of postulating resistance genes in heterogeneous varieties and the advantages of testing leaf segments instead of young plants are discussed.
Introduction
Resistance to causal agents (pathogens) of diseases is an important varietal characteristic that influences the management practice of crop plants and, thus, production costs of commodities. Field resistance of varieties can be evaluated with natural (Dreiseitl 2007a) or induced (Dreiseitl 1987) infections. The genetic base of the resistance can be determined using genetic analysis (Dreiseitl et al. 2007 ) and postulation methods (Jensen et al. 1992; Andrivon & Vallavieille-Pope 1992; Dreiseitl & Steffenson 2000) or molecular markers (Řepková et al. 2009a , 2009b Řep-ková & Dreiseitl 2010; Teturová et al. 2010) .
Powdery mildew, caused by the fungus Blumeria graminis (DC.) Golovin ex Speer f.sp. hordei Em. Marchal (Bgh) is the most common disease of barley (Hordeum vulgare L.) in the Czech Republic (Dreiseitl & Jurečka 2003; Dreiseitl 2007a) . There are many genes for barley resistance to powdery mildew (Jørgensen 1994) , which differ greatly in their effectiveness. For instance, the gene mlo confers full varietal resistance, whereas the gene Mla8 is totally ineffective to the pathogen population (Dreiseitl 2004 ) and is present even in most susceptible varieties (Dreiseitl 2007b) . The effectiveness of individual resistance genes or their combinations can evaluated according to the infection or resistance of varieties in the field (Dreiseitl 2003 (Dreiseitl , 2007c or determining frequencies of corresponding virulences in the pathogen population (Hovmøller et al. 2000; Dreiseitl et al. 2006; Dreiseitl 2008 ). Identifying resistance genes, determining their actual effectiveness in the field and assessing frequencies of corresponding virulences provide comprehensive information which, together with data on distribution of varieties with given resistance genes, can predict the effectiveness of the corresponding resistance. The identification of resistance genes also considerably increases our knowledge about given host-pathogen interactions (Brown & Jørgensen 1991; Wolfe 2000) .
The postulation method for identifying resistance genes is based on determining resistance spectra (reaction spectra) of the variety being tested and its comparison with resistance spectra of standard varieties possessing known resistance genes. The resistance spectra are determined by scoring reaction types that develop on leaves (or leaf segments) of the variety after their inoculation using a series of suitable pathotypes of the disease pathogen.
At present, almost all European barley varieties possess at least one major gene for resistance to powdery mildew (Dreiseitl & Jørgensen 2000; Dreiseitl 2007b ). Breeding methods are often based on hybridizing chosen parental varieties and their resistance genes usually segregate in the progeny. Subsequent selection is focused on a broad spectrum of important agronomic traits and the developed variety is not always homogeneous in its resistance to disease pathogens. In such c 2011 Institute of Botany, Slovak Academy of Sciences cases, varieties are composed of lines that differ in the number or combinations of resistance genes, and hence in their field resistance.
The objective of this contribution was to present various methods for postulating resistance genes to disease pathogens in heterogeneous varieties using the example of barley resistance to powdery mildew.
Material and methods
The postulation method is based on the assumption that a specific host resistance gene is matched by a virulence gene in the pathogen (Flor 1955) .
Barley accessions
Five barley varieties were examined (Table 1) ; four are varieties of spring barley (Slovak variety 'Orbit', Latvian 'Malva', German 'Tocada' and Uruguayan CLE 233), while F 12872/08 is a six-row winter barley developed in Germany (the original designation of this variety is F 12872; a virgule and shortened year were added for purposes of this contribution). Seed of all varieties was provided by respective breeders. For further resistance testing of the four spring barley varieties, a set of samples purported to be homogeneous for the resistance being examined was added: nine stocks of variety 'Orbit' produced by a breeding company Hordeum Ltd. (Slovak Republic), six progenies of plants derived from single sown seeds of variety 'Malva' provided by the State Priekuli Plant Breeding Institute (Latvia), and 26 and 12 harvested spikes of varieties 'Tocada' and CLE 233, respectively produced at the Agricultural Research Institute Kromeriz Ltd. For further resistance tests of variety F 12872/08, an original heterogeneous seed sample used in official Czech variety trials was included, but a modified method was used (see below).
Pathogen isolates
Thirty-two or 40 isolates of Bgh held in the pathogen genebank at the Agricultural Research Institute Kromeriz Ltd. were used. Before inoculation, each isolate was purified, verified for the correct virulence phenotype on standard barley lines and increased on 'Pallas'. Isolate 1044 was multiplied on 'Monaco'. Designation of the isolates was derived from their virulence patterns corresponding to twelve Ml resistance genes in coded triplets (Limpert et al. 1994) in the order: a1, a3, a6; a7, a9, a12; a13, k1, La; g, at, (Bw).
Testing procedure and inoculation of young plants About eight seeds per variety or three seeds each of three supposed homogeneous samples were sown separately in pots (60 mm diameter) filled with a gardening peat substrate and placed in a greenhouse at 18 ± 2 • C under natural daylight. Prior to the emergence of plants, pots were placed in mildew-proof glass boxes. Ten-day-old plants whose first leaves were fully expanded were separately inoculated with the pathogen isolates by brushing and shaking conidia from infected plants over the varieties tested.
Testing procedure and inoculation of leaf segments
In total about 40 seeds per barley accession were sown in two pots (80 mm diameter) and grown as above. Leaf segments 20 mm long were cut from the central part of healthy, fully-expanded primary leaves. Three leaf segments of each accession were placed in a Petri dish on water agar (0.8% and 40 ppm benzimidazole) for testing with an isolate. For each isolate, a Petri dish with leaf segments was placed at the bottom of a metal inoculation tower and inoculated at an inoculum density of ca. 8 conidia mm −2 . These dishes were then incubated at 18 ± 2 • C under artificial light (coolwhite fluorescent lamps providing 12 h light at 30 ± 5 µmol m −2 per s).
Testing procedure and inoculation of leaf segments of F 12872/08 From each plant of variety F 12872/08 four leaf segments, 20 mm long, were cut from the central part of a healthy, fully-expanded primary leaf. Two of these leaf segments were placed in a Petri dish for inoculating with one isolate and the other two segments were placed in a dish for inoculating with a different isolate. The dishes with leaf segments were inoculated separately with 40 selected isolates so that the first and last isolates were used to inoculate leaf segments of eight plants, whereas the other 38 isolates were used to inoculate leaf segments of 16 (2 × 8) plants (Appendix 1). Reaction types scored for corresponding pairs of plant-isolate interactions were joined in chains producing resistance spectra of individual lines (Appendix 2). To create eight chains corresponding to resistance spectra of eight lines and comprised 40 reaction types, leaf segments from 312 plants of variety F 12872/08 were used.
Evaluation
Nine days after inoculation, reaction types on the upper part of the adaxial side of primary leaves or leaf segments were scored using the nine point 0-4 scale (including intertypes) of Torp et al. (1978) . In cases where plants or leaf segments with distinct reactions occurred, reaction types were recorded separately with a '+' symbol between them (e.g. 0+4). The resistance gene(s) in each variety or line was postulated by comparing its resistance spectrum derived from a set of 32 or 40 reaction types with previously determined resistance spectra of standard barley lines possessing known resistance genes.
Results

Tests of young plants with 32 isolates
Resistance spectra for all five varieties were determined. These spectra, however, contained some heterogeneous variety-isolate interactions usually consisting of two different reaction types (Table 1) . Such spectra did not allow the postulation of resistance genes. For further tests of the resistance in four out of the five heterogeneous varieties, samples were obtained (see M & M) that were purported to be homogeneous for that resistance.
Results from testing nine breeding stocks of 'Orbit' showed that the plants derived from two stocks exhibited resistance spectrum no. 1 (Table 1) indicating the presence of the resistance genes Mla6, Mla14 and Mlat; plants of one stock had resistance spectrum no. 2 (Mla6, Mla14 and MlLa) and plants of three stocks exhibited resistance spectrum no. 3 (Mla6, Mla14, Mlat and MlLa). The plants from another three stocks of variety 'Orbit' again showed heterogeneous resistance spectra.
Six progenies of individually harvested plants of 'Malva' exhibited resistance spectrum no. 4 (Mla8 and Mlk1), plants of two progenies spectrum no. 5 (Mla13) and plants of three progenies spectrum no. 6 (Mla13 and Mlg). For 'Tocada', three seeds of each from 26 spikes were sown and seedling leaves were inoculated with isolate 5425. The plants from 12 spikes had reaction type 0 and the plants from the other 14 spikes gave reaction type 4. Seeds of four spikes from each of these two groups were sown for testing the plants with all 32 isolates. The plants from seed of the first and second groups of spikes exhibited resistance spectra no. 7 (Mla12 and Mlu) and no. 8 (Ml(St)), respectively. Sem Table 1 Tests of leaf segments with 40 isolates Resistance spectra of variety CLE 233, represented by 12 individually harvested spikes, were determined. Seedlings from each spike provided enough leaf segments to obtain the resistance spectrum of reaction types produced after inoculation with all 40 isolates. Leaf segments from seedlings of four spikes showed resistance spectrum no. 9 (Mla8 and Ml(He)), and leaf segments from seedlings of the other eight spikes had resistance spectrum no. 5 (Mla13) ( Table 1) .
Repeated tests on leaf segments of seedlings from a heterogeneous sample of variety F 12872/08 showed that this variety is composed of two lines, the first of which gave resistance spectrum no. 10 (Ml(Bw)) and the second one resistance spectrum no. 11 (Mla6, Mla14 and Ml(Bw)) ( Table 1) .
Discussion
The aims of this contribution were first, to formulate methods for postulating resistance genes in heterogeneous varieties; second, to estimate the minimum seed number for tests and third, to devise a method for obtaining homogeneous seed samples from heterogeneous varieties. However, it would be also useful to compare the results from these resistance gene postulations with the varietal pedigrees. The pedigree of variety 'Orbit' reported by the breeder (Dreiseitl & Jørgensen 2000) is erroneous because the published parents of this variety possess the genes Mla8, Mla9 and Mlk1, whereas Mla6, Mlat and MlLa were detected in breeding stocks. The resistance in the parents of variety 'Malva' (Dreiseitl & Rashal 2004) has not been studied and cannot, therefore, be used to confirm the results. The pedigree of variety 'Tocada' is very complex and does not clarify the origins of the three resistance genes that we identified, including one from an unknown source. The pedigrees of varieties CLE 233 and F 12872/08 are not available. Efforts to make these comparisons were, therefore, inconclusive.
The resistance of variety F 12872/08 was first tested during its second year in the Czech official trials, when heterogeneity in its resistance was detected. Identical tests of this variety (F 12872/09) were also carried out a year later, when homogeneous resistance spectrum no. 10 was found indicating the presence of Ml(Bw). Therefore, a control sample of this variety from 2008 (F 12872/08) was re-tested and confirmed its heterogeneity. Since there were no homogeneous seed samples of variety F 12872/08 available, we re-tested this variety using the methods described above and identified resistance genes in two lines of this variety. The resistance spectrum of line 1 corresponded with results from testing the sample of F 12872/09 (Ml(Bw)). The resistance spectrum of line 2 (Mla6, Mla14 and Ml(Bw)) was identical to that for variety F 12861 (Table 1) , which was developed by the same breeder and had also been tested for three years in the Czech official trials. Consequently, there are two possible explanations. First, variety F 12872/08 originally comprised two lines, from which the breeder selected only one for testing in 2009 or second, varieties F 12861 and F 12872 were mixed during 2008 in an approximate 1:1 ratio.
Postulating resistance genes based on heterogeneous spectra obtained using standard tests of hetero-geneous varieties (i.e. varieties composed of two or more lines with different genetic backgrounds) is almost impossible for several reasons. First, even based on a representative heterogeneous resistance spectrum of a variety that might only comprise two lines it is difficult to extrapolate data to postulate the genetic background of the resistance in these lines. If a heterogeneous variety consists of more than two lines with different genetic backgrounds estimating resistance spectra is usually impossible.
Second, it is laborious to obtain a representative sample that would provide a complete and reliable heterogeneous resistance spectrum because of the number of plants or leaf segments required for every varietyisolate interaction. Even when the variety is composed only of two lines in equal proportions the heterogeneity may not be expressed in each corresponding interaction, especially when the optimum number of plants cannot be tested. For example, using the standard testing of three leaf segments, the probability of detecting the heterogeneity in each of the corresponding interactions is much lower. Therefore, the resistance spectrum often provides fewer heterogeneous variety-isolate interactions than those corresponding to the genetic background of the resistance of lines constituting the variety.
Third, although single mechanical admixtures with other varieties can usually be distinguished in homogeneous varieties, in heterogeneous varieties such discrimination is often impossible. Thus, the resistance spectrum contains a higher number of heterogeneous interactions that do not correspond with the genetic background of the variety and further complicates the heterogeneous resistance spectrum.
An important question is how many homogeneous samples derived from a heterogeneous variety should be tested to get reliable results. Based on current experience with postulating resistance genes in barley to powdery mildew (Dreiseitl & Jørgensen 2000 and others) or leaf rust pathogens (Dreiseitl & Steffenson 2000) , there are two major constraints. First, heterogeneous varieties are mostly composed of two lines although three lines are not uncommon (Dreiseitl & Rashal 2004) , while a larger number of lines with various resistances to the pathogen is rare. Second, mechanical varietal admixtures should be considered. If we test a small number of homogeneous samples of a variety, we are not sure to recover all lines constituting that variety. However, the higher the number of homogeneous samples tested, the greater is the probability of detecting a mechanical admixture with another variety.
Another aspect is labour intensity of the experiments. Heterogeneity of a variety will not be found unless standard resistance tests are carried out using identical methods as those for homogeneous varieties. The procedure is often a compromise between recovering all the lines in a variety and limiting the time spent on identifying resistance genes in a heterogeneous variety. Therefore, we recommend testing 5-10 samples per variety, i.e. 5-8 for testing homogeneous progenies from individually sown plants or harvested spikes, and 8-10 samples for testing breeding stocks and/or progenies of putative single plants, some of which might be heterogeneous. If the variety comprises more than two lines then more homogeneous samples should be tested.
A final decision to be made is the seed source to use for testing a heterogeneous variety. For newer varieties, breeders can usually provide samples of their available stocks. Obtaining progenies of individually sown plants depends on breeders too. If they cannot provide the material, producing progenies, especially of winter types, is time consuming. A possible way is to harvest individual plants or spikes from a commercial variety and allow for heterogeneity from faulty seed and plant preparation. For tests using leaf segments, original seed of a heterogeneous variety (e.g. F 12872/08) can be used. However, tests of many lines from within a variety and with less contrasting reaction types of individual resistance genes may not be successful.
Standard tests of resistance of homogeneous varieties are conducted in at least two replications, often with multiple scorings on each (Torp et al. 1978) . Homogeneous samples derived from heterogeneous varieties are usually tested in one replication only. If a variety is composed of two lines and eight homogeneous samples derived from this variety are tested, the ratio of tested samples representing the component lines is around 4:4. Results of testing such samples are sufficient to confirm the results for the lines.
Whether the resistance is based on results from young plants or their leaf segments depends on the laboratory practice and the equipment available. Technical advantages of the tests on leaf segments are easier maintenance of genotypic purity of the inoculum reproduced on leaf segments and easier handling of inoculated samples including the use of a lens when scoring reaction types. However, an important advantage of the tests on leaf segments is that few seeds are necessary for testing (5-10 times) and smaller rooms for plant cultivation. Sample size is especially important in postulating resistance genes in wild plants, such as wild barley (Hordeum vulgare subsp. spontaneum) (Dreiseitl & Bockelman 2003; Dreiseitl & Dinoor 2004) , when acquiring homogeneous seed is more difficult than from cultivated varieties.
